The cost of developing new drugs is a major obstacle for pharmaceutical companies and academia with many drugs identified in the drug discovery process failing approval for clinical use due to lack of intended effect or because of severe side effects. Since the early 1990s, high throughput screening of drug compounds has increased enormously in capacity but has not resulted in a higher success rate of the identified drugs. Thus, there is a need for methods that can identify biologically relevant compounds and more accurately predict in vivo effects early in the drug discovery process. To address this, we developed a proximity ligation-based assay for high content screening of drug effects on signaling pathways. As a proof of concept, we used the assay to screen through a library of previously identified kinase inhibitors, including six clinically used tyrosine kinase inhibitors, to identify compounds that inhibited the platelet-derived growth factor (PDGF) receptor ␤ signaling pathway in stimulated primary human fibroblasts. Thirteen of the 80 compounds were identified as hits, and the dose responses of these compounds were measured. The assay exhibited a very high Z factor (0.71) and signal to noise ratio (11.7), demonstrating excellent ability to identify compounds interfering with the specific signaling event. A comparison with regular immunofluorescence detection of phosphorylated PDGF receptor demonstrated a far superior ability by the in situ proximity ligation assay to reveal inhibition of receptor phosphorylation. In addition, inhibitor-induced perturbation of protein-protein interactions of the PDGF signaling pathway could be quantified, further demonstrating the usefulness of the assay in drug discovery. Molecular & Cellular Proteomics 9:178 -183, 2010.
Screening for new drug compounds typically starts out with primary high throughput binding assays in a cell-free environment to identify possible drug candidates in a large library of compounds. Interesting compounds are then further characterized in secondary cell-based assays to validate the hits and remove false positives. These secondary assays include for example functional assays, reporter gene assays, and phenotypic assays for cellular processes (for a review, see An and Tolliday (1)), and methods such as high content microscopy (2), flow cytometry (3), and transcriptional profiling (4) are used.
Characterization of direct functional effects of drug compounds on cells often relies on using genetically modified cell lines with ectopically expressed fusion-tagged proteins. However, the use of primary cells in drug screening and drug target validation provides important advantages over immortalized cell lines because they more closely resemble in vivo conditions and thus provide more biologically relevant results (3, 5) . It may also enable studies of how different cell types respond to treatment, e.g. cancer versus normal cells or cells from different lineages, to determine possible side effects. Furthermore, if cells from patients are used, drug effects can be evaluated on a per patient basis, paving the way for personalized medicine.
When studying proteins or post-translational modifications (PTMs) 1 in genetically unmodified cells, immunofluorescence (IF)-based methods, which rely on the specific binding of a fluorophore-labeled antibody to the target protein or PTM, are typically used. Although this is a simple and useful approach, it has some drawbacks such as low sensitivity with scarce proteins, problems with cellular autofluorescence, and difficulty of robust quantification. However, the biggest problem with antibody-based detection is the poor target selectivity exhibited by many antibodies (6) . In addition, IF cannot be used to study protein-protein interactions. Thus, more sensitive and selective methods for studying proteins are needed.
The in situ proximity ligation assay (PLA) is a highly selective and sensitive method for detecting proteins, protein-protein interactions, and post-translational modifications of proteins, and it has been applied to a range of different biological systems (7) (8) (9) (10) (11) . The method utilizes dual target recognition of the protein or protein complex by a pair of antibodies to which oligonucleotides have been attached. If the two antibodies bind epitopes that are in close proximity, the oligonucleotides will also be brought into proximity and can be used as templates for the enzymatic joining of two additional linear oligonucleotides into a DNA circle (Fig. 1a ). This DNA circle can then be replicated using rolling circle amplification (RCA) using one of the antibody-attached oligonucleotides as a primer. The RCA product is a long, single-stranded chain of concatemeric copies of the circle that collapses into a bundle of DNA and can be detected by hybridizing fluorophore-labeled oligonucleotides to the repeated sequences (Fig. 1b) . The result is a brightly fluorescent, submicrometer-sized spot that can easily be detected by fluorescence microscopy and quantified by image analysis (Fig. 1c) . By using oligonucleotide-conjugated antibodies specific for immunoglobulins from two different species, target protein recognition can be performed utilizing primary antibodies from the corresponding species, simplifying the adaptation of the assay to different targets (9) .
To show that in situ PLA can be used for screening and target validation of drug compounds in primary cells, we set up an assay to screen for compounds that inhibit plateletderived growth factor receptor (PDGFR) ␤ signaling pathways in primary human fibroblasts stimulated with PDGF-BB. We adapted in situ PLA to high content analysis techniques by performing the reactions in 96-well plates with image acquisition and quantification by a Cellomics ArrayScan II automated fluorescence microscope, greatly increasing assay throughput and reducing hands-on time.
EXPERIMENTAL PROCEDURES
Drug Compound Library-The Screen-Well TM Kinase Inhibitor Library (BIOMOL International/Enzo Life Sciences, Plymouth Meeting, PA), consisting of 80 kinase inhibitors supplied as 10 mM solutions in DMSO, was used for the screening. In addition, the tyrosine kinase inhibitors erlotinib, gefitinib, lapatinib, sorafenib, sunitinib (all from LC Laboratories, Woburn, MA), and imatinib (a kind gift from Novartis) were included. Before use, the compounds were diluted to 100 M with sterile water.
Cell Culturing and Stimulation-Human primary fibroblast cells (GM008402, Coriell) were cultured in MEM supplemented with 10% FBS, 50 units/ml penicillin, 50 g/ml streptomycin, and 1 mM Lglutamine (all from Sigma-Aldrich) at 37°C and 5% CO 2 . The cells
The principle of in situ proximity ligation assay. a, phosphorylated PDGFR␤ was recognized by a rabbit monoclonal antibody binding the receptor and a pan-specific mouse monoclonal antibody binding phosphotyrosine residues. The primary antibodies were bound by species-specific antibodies conjugated to oligonucleotides. When in proximity, the oligonucleotides could be used as templates for the joining of two additional linear oligonucleotides into a DNA circle. One of the antibody-attached oligonucleotides was extended by rolling circle amplification using the DNA circle as a template to generate a submicrometer-sized bundle of DNA. b, by hybridizing fluorophore-labeled oligonucleotides to the repeated sequences of the amplification product, the antibody binding event could be visualized by microscopy as bright fluorescent spots. c, typical results from the detection of phosphorylated PDGFR␤ in primary human fibroblasts. Red indicates in situ PLA signals, green indicates cytoplasmic staining, and blue indicates cell nuclei.
were loosened by trypsin treatment and seeded at a concentration of 10,000 cells/well in a flat bottom 96-well plate (PerkinElmer Life Sciences ViewPlate 96). After an overnight incubation, the cells were treated with 2 M CellTracker Green 5-chloromethylfluorescein diacetate (Invitrogen) for 30 min in MEM at 37°C before being serumstarved overnight with MEM with 0.5% FBS. The cells were treated for 60 min at 37°C with drug compounds dissolved in DMSO and diluted to the indicated concentrations in MEM with 0.5% FBS at a volume of 50 l. The DMSO concentration was kept at 0.1% for all wells. The cells were then put on ice to cool, and 50 l of 100 ng/ml PDGF-BB (Peprotech, Rocky Hill, NJ) dissolved in MEM was added to all wells. The cells were stimulated for 60 min on ice, washed with cold PBS, and fixed on ice with cold 70% ethanol for 60 min.
Detection of Phosphorylated PDGF Receptor by in Situ PLA-To reduce the risk of unspecific binding by the antibodies, the cells were incubated with blocking solution (1ϫ PBS with 5 mM EDTA, 20% goat serum, 2.5 g/ml sonicated salmon sperm DNA, 25 mM L-cysteine, and 0.1% Tween 20) for 2 h at 37°C. The blocking solution was then replaced with the primary antibodies (rabbit monoclonal PDGFR␤ (28E1) and mouse monoclonal phosphotyrosine antibody (P-Tyr-100), both from Cell Signaling Technology) diluted 1:60 and 1:4,000 in blocking solution, respectively. The cells were incubated with the primary antibodies overnight at 4°C and then washed three times with PBS with 0.1% Tween 20. To detect the primary antibodies with in situ PLA, secondary proximity probes binding rabbit and mouse immunoglobulin (PLA probe rabbit PLUS and PLA probe mouse MI-NUS, Olink Bioscience) were diluted 1:50 and 1:5 in blocking solution, respectively. The cells were incubated with the proximity probe solution for 60 min at 37°C and then washed once with 10 mM Tris-HCl, pH 7.5 with 0.1% Tween 20 and then twice with TBST (1ϫ TBS with 0.05% Tween 20). The detection of the bound proximity probes was performed with in situ PLA detection kit 613 (Olink Bioscience) according to the manufacturer's instructions. Briefly, the cells were incubated with 1ϫ hybridization mixture for 15 min, washed once with TBST, incubated with 1ϫ ligation mixture with 0.025 units/l T4 DNA ligase for 15 min, washed twice with TBST, incubated with 1ϫ RCA mixture with 0.0125 units/l 29 polymerase for 90 min, washed twice with TBST, and then incubated with 1ϫ detection mixture for 60 min. Finally, the cells were washed twice with TBST and then once with TBS. All reactions were performed at 37°C with 50 l of reaction mixture/well and with 240-rpm orbital shaking.
Detection of PDGF Receptor Interactions with PI 3-Kinase by in Situ PLA-Interaction between PDGFR␤ and PI 3-kinase was performed as described for the detection of phosphorylated PDGFR described above, but instead of the phosphotyrosine antibody a mouse monoclonal PI 3-kinase antibody p85␣ (Ab6, Abcam) was used. The PI 3-kinase antibody was diluted 1:200. For the control, a mouse monoclonal actin antibody (Cedarlane Laboratories) diluted 1:100 was used.
Detection of Phosphorylated PDGF Receptor by Immunofluorescence-To compare the results of in situ PLA staining of phosphorylated PDGFR␤ with normal immunofluorescence, cells were set up as was described for the in situ PLA staining. However, instead of staining with both primary antibodies, only one primary antibody was used. The pan-specific phosphotyrosine antibody was tested at the dilution used in the in situ PLA experiment (1:4,000) and at 1:200, and the mouse monoclonal phosphospecific PDGFR␤ Tyr(P)-751 (Cell Signaling Technology) antibody was tested at a dilution of 1:500 and 1:5,000. Instead of using secondary proximity probes to detect the bound primary antibodies, a Texas Red-labeled donkey anti-mouse immunoglobulin antibody was used (Jackson ImmunoResearch Laboratories) at a dilution of 1:100 in blocking solution. The cells were incubated with the secondary antibody for 60 min at 37°C and washed twice with TBST and then finally with TBS. Hoechst 33342 was included in the secondary antibody incubation step to stain the cell nuclei.
Image Acquisition and Analysis-Images of the cells stained with in situ PLA were acquired with a Cellomics ArrayScan II with the XF53 filter set using the neuronal profiling module v3.5 for image analysis. The nuclear staining and the CellTracker dye were used to delineate the cells, whereas spot counting was used to quantify the number of in situ PLA signals per cell. For the immunofluorescence-stained cells, the same image analysis settings were used as for the in situ PLA analyses. However, instead of counting spots, the total fluorescence intensity per cell in the Texas Red channel was measured. Approximately 1,000 cells were analyzed in each well for all reactions. Dose-response curves were fitted to a four-parameter logistic equation using GraphPad PRISM 5. 
RESULTS
Comparison between in Situ PLA and Immunofluorescence-based Detection-We compared our assay with conventional IF-based detection of phosphorylated PDGFR␤ in primary human fibroblasts that had been treated with the well known PDGFR inhibitor imatinib or with 0.1% DMSO as a negative control before being stimulated with PDGF-BB (Fig.  2) . For the in situ PLA reactions, we used one primary antibody specific for phosphorylated tyrosine residues and one
FIG. 2.
Comparison between in situ PLA and immunofluorescence-based detection of phosphorylated PDGFR␤. In situ PLA was compared with immunofluorescence-based detection as a means of detecting inhibition of phosphorylation of PDGFR␤ by either treating cells with 10 M imatinib or leaving them untreated as controls, stimulating them with PDGF-BB, and then analyzing the difference by in situ PLA and immunofluorescence with fluorophore-labeled secondary antibodies. The phosphospecific primary antibodies used were either a pan-specific phosphotyrosine antibody (pan pY) or an antibody specific for phosphorylated PDGFR␤ (PDGFR␤ pY751). In addition, for the in situ PLA reaction a PDGFR␤-specific antibody was used. All signals were normalized to the mean of the controls. The box plots indicate the median and range of the detected signals (n ϭ 8).
antibody directed against PDGFR␤ to enable highly selective studies of the amount and distribution of phosphorylated PDGFR␤ in the cells. The IF-based detection with fluorophore-labeled secondary antibodies was performed with either the pan-specific phosphotyrosine antibody used in the in situ PLA assay or with an antibody specific for phosphorylated PDGFR␤. The antibodies were used at the same concentrations used for the in situ PLA reactions, but other concentrations were also tested with similar results (data not shown). When characterizing screening assays, the ZЈ factor is often estimated as a measure of the reliability and suitability of the assay for screening purposes, taking into account the dynamic range and variability of the assay (12) . For it to be considered excellent, the ZЈ factor of an assay must be above 0.5, whereas assays with a value between 0 and 0.5 are considered poor, and assays with ZЈ factors below 0 are considered unusable. Our in situ PLA-based assay attained a very high ZЈ factor of 0.71 and a signal to noise ratio of 11.6 despite it being a cell-based assay with all the inherent heterogeneity and variation of primary cells. Although all three assays recorded significant differences between the drugtreated cells and the control cells (in situ PLA, p Ͻ 0.0001; IF pan-Tyr(P), p Ͻ 0.0001; IF Tyr(P)-751, p ϭ 0.0114), IF-based assays using either the phosphospecific PDGFR␤ or the panspecific phosphotyrosine antibody were found not to be useful for screening purposes, having ZЈ factors of Ϫ3.1 and 0.25, respectively.
Screening for Inhibitors of PDGFR Signaling-Having set up the assay, we used it to screen though a library of previously identified small molecule kinase inhibitors, including six clinically used tyrosine kinase inhibitors such as the aforementioned PDGFR inhibitor imatinib and the epidermal growth factor receptor inhibitor erlotinib. The cells were incubated in a 96-well plate for 1 h with the compounds at a concentration of 10 M with 0.1% DMSO before being stimulated with PDGF-BB and analyzed by in situ PLA. As a result, 13 of the 86 compounds were identified as hits with our selection criteria, i.e. having a signal of more than three standard deviations below the mean of the negative controls (Fig. 3a) . All hit compounds except BML-259 have previously been reported to have PDGFR inhibitory effects. However, the inhibitory effect of BML-259 on PDGFR phosphorylation could not be verified in subsequent experiments, and it was therefore regarded as a false positive. As expected, the clinically used PDGFR inhibitors (imatinib, sorafenib, and sunitinib) all showed strong inhibition of PDGFR␤ phosphorylation, The signals have been normalized to the mean of the negative and positive controls. b, hit compounds from the library screen with a signal more than three standard deviations below the mean of the stimulated, uninhibited negative controls were diluted and investigated at different concentrations by in situ PLA to validate the hits. Non-linear curves were fitted to the dose-response data by a four-parameter logistic equation from which IC 50 values were estimated (Table I) . c, the effect of imatinib on PDGFR␤ interactions with PI 3-kinase was monitored by in situ PLA in unstimulated and stimulated cells and in cells stimulated in the presence of imatinib by using one primary antibody specific for PDGFR␤ and one specific for PI 3-kinase. As a control, interactions between PDGFR␤ and actin were also monitored. Error bars indicate one standard deviation of triplicate reactions.
whereas the epidermal growth factor receptor inhibitors (erlotinib, lapatinib, and gefitinib) did not show any inhibition. The hit compounds were further studied by measuring the cellular dose responses of different compound concentrations by in situ PLA (Fig. 3b) . The IC 50 values of the effects of the compounds on the amount of phosphorylated PDGFR␤ were estimated from these results and are presented in Table I .
Inhibitor Effects on Protein-Protein Interactions-Upon ligand binding and phosphorylation, PDGFR␤ activates a number of signaling pathways by associating with proteins such as PI 3-kinase, Ras GTPase-activating protein, and phospholipase C-␥ to translate signals at the cell surface into cellular functions (13) . To investigate whether perturbations of such interactions could be monitored by in situ PLA, we replaced the pan-specific phosphotyrosine antibody by an antibody specific for PI 3-kinase and investigated the level of interactions in unstimulated, stimulated, and imatinib-treated stimulated cells (Fig. 3c) . As a control for these protein interactions, interactions between actin and PDGFR␤ were also monitored. Upon stimulation with PDGF-BB, there was a significant increase in the amount of interactions between PDGFR␤ and PI 3-kinase (p Ͻ 0.0001) in accordance with previously published data measured by co-immunoprecipitation (14) . When imatinib-treated cells were stimulated with PDGF-BB, the amount of interactions was significantly reduced (p Ͻ 0.0001) although not to levels as low as for the unstimulated cells. The reduction in association between PDGFR␤ and PI 3-kinase upon imatinib treatment is expected; the receptor must be phosphorylated at tyrosine 751 for PI 3-kinase to bind (15) , and treating the cells with imatinib blocks the phosphorylation, reducing the possibilities for PI 3-kinase binding to the receptor. Interaction between PDGFR␤ and actin is not known to be affected by PDGF-BB stimulation or tyrosine kinase inhibitor treatment, and accordingly we did not detect any significant changes by stimulation (p ϭ 0.079) or imatinib treatment of stimulated cells (p ϭ 0.22) compared with the unstimulated cells, although a small decrease was noted. This small decrease could be caused by proteins binding to the phosphorylated receptor, occluding the PDGFR␤-actin interaction, or the detection thereof by steric hindrance. In support of this theory is the fact that the amount of detected interactions between PDGFR␤ and actin was slightly higher in the imatinib-treated stimulated cells compared with the untreated stimulated cells, although the increase was not significant (p ϭ 0.38).
DISCUSSION
In this study, we have combined the benefits of in situ PLA with those of high content analysis techniques, creating a highly selective and sensitive medium-throughput assay that can be used to screen and validate drug compounds in genetically unmodified primary cells. We compared our assay with ordinary immunofluorescence staining, which is commonly used for drug screening in such cells, and in situ PLA showed far better suitability for drug compound screening purposes. The lesser difference between the inhibited and control cells in the IF experiments compared with the in situ PLA was probably due to the difference in both selectivity and sensitivity afforded by the two types of assays (16) . Because the in situ PLA results are quantified by counting fluorescent rolling circle products, not by measuring total fluorescence intensity, they are much less affected by autofluorescence or bleaching of fluorophores compared with standard IF-based methods. In addition, even signals from single proximity probe binding events can be detected, ensuring the ability of the assay to detect proteins or PTMs of low abundance.
We show that our assay can be used to screen through a library of small molecule kinase inhibitors and identify inhibitors that specifically affect the PDGFR signaling pathway and that the assay can be used for measuring the dose response of such inhibitors with a large dynamic range and low variability. In addition, we show that the assay can be used to screen for drug-induced perturbations of protein-protein interactions, enabling drug screening of compounds that interfere with protein interactions, something which is difficult if not impossible to do in unmodified primary cells with current methods. Being able to screen for inhibitors of protein-protein interactions is considered of great importance in future drug discovery efforts because it would open up new interesting classes of potential targets to which drugs could be developed (17) .
The usefulness of the assay includes the ability to validate compound hits from primary, high throughput cell-free screens in genetically unmodified cells such as primary cells or cells taken directly from patients with high sensitivity and selectivity and with a high signal to noise ratio. By using primary cells with an endogenous protein expression rather than cell lines with overexpressed fusion-tagged target proteins, drug compounds are studied in a much more natural cellular environment, ensuring drug target validation with a higher biological relevance. As has been pointed out (18) , it is not the binding of a compound to a protein per se that is of interest; it is the effects that the binding of the compound has on the intricate macromolecular networks in the cells that matter. The ability to reveal changes in protein interactions or post-translational modifications in primary cells can provide direct insights into how drugs affect cellular processes and thus generate more accurate predictions of in vivo effects. Accordingly, we believe that in situ PLA should prove to be a useful tool for chemical genetic screens, drug discovery, and companion diagnostics, guiding the personalized selection of optimal treatment in clinical routine. In this study, we examined the effects of small molecule kinase inhibitors on PDGFR␤ signaling, but the same setup could also be used to study other post-translational modifications and protein-protein interactions by using appropriate combinations of primary antibodies.
